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ABSTRACT  

 

 
The results on the analysis of radionuclide release from the geosphere of hypothetical 

repository in crystalline rocks are presented. Radionuclides with poor retentive properties     

(C-14, I-129, Cl-36, Cs-135), represent the largest contribution to the total release rate from the 

geosphere. A sensitivity analysis of selected geosphere parameters was also performed to 

evaluate an impact of uncertainties on the total maximum release rate from the geosphere. The 

results show that the data uncertainty related to the transmissivity distribution of individual 

transport pathways has the greatest impact on the total maximum release rate from the 

geosphere. The calculations of release rates were carried out for one disposal container using 

the simulation software GoldSim. 

 

Key words: Geological repository, radionuclide transport, multi -barrier system, GoldSim 

 

 

Introduction  
 

Within the deep geological repository development program in the Slovak Republic between years 1996 

and 2001 were in a gradual site selection process selected five reconnaissance localities in the two rock 

environments [1]: 

Å In environment of crystalline rocks (granite) - central part of mountains Tr²beļ, southern part of 

Veporské vrchy, southwestern part of Stolické vrchy. 

Å In environment of sedimentary rocks (clay) - eastern part of Cerová vrchovina, western part of 

Rimavská kotlina. 

 

In Slovakia, the preferred alternative of long-term spent fuel management is a direct disposal of spent 

nuclear fuel which will be disposed together with radioactive waste which is not suitable for a  

near-surface type of repository. Since 2010, company Javys, a.s. has become the implementer of deep 

geological disposal in the Slovak Republic and the deep geological repository program was renewed. 

Deep geological repository as an alternative for spent fuel management is expected to provide sufficient 

protection of human health and the environment for at least several thousand years. To ensure protection 
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of human health and the environment, it is necessary to design a complex system of protective measures 

as well as to perform a comprehensive safety analysis in every period of the repository lifetime.  

 

The geosphere has one of the main safety functions in a long-term repository performance. Based on the 

safety assessments of many countries, the main characteristics, which are needed to be dealt with in 

modelling of radionuclide transport through the sparsely fractured rock, are the distribution of 

groundwater flow, sorption, matrix diffusion and radioactive decay. 

 

Description of the disposal system 
 

The geological disposal is based on the multi-barrier concept, whereby one of the barriers is the very form 

of spent fuel which dissolution rate in contact with groundwater is very low. Another barrier is 

represented by disposal container which parameters and physical properties are based on [2]. Spent fuel 

(from VVER-440 reactors) is considered to be disposed in containers made of stainless steel (inner part) 

and carbon steel (outer part) with an outer diameter of 650 mm and a length of 3670 mm [2]. Fuel 

assemblies are inserted into the inner profiled pipes made of aluminium alloy. The disposal capacity of 

one container is 7 fuel assemblies [2]. 

 

Within this assessment the calculations were performed for the spent fuel with an initial average 

enrichment of 4.87 % of U-235 and burnup 60 MWd/kgU .The analysis was carried out for one disposal 

container (7 fuel assemblies). The storage time before the final disposal is 60 years. Disposal container is 

surrounded by a bentonite buffer with a wall thickness of 300 mm. It provides a  

self-sealing, low permeable barrier because of its swelling potential. It is suitable for sealing of void 

spaces after excavation.  

 

In Slovakia, there has not been selected a final locality for the geological disposal facility. Due to this 

fact, the assessment of long-term safety was performed for a hypothetical geological repository located in 

crystalline rocks. Transport pathways are in crystalline rocks represented by individual fractures and 

faults. 
 

Due to the lack of research and development works in the field of geological disposal in Slovakia, the 

multi-barrier model was developed by using also the international research achievements (RAWRA ï 

Czech Republic, Nagra - Switzerland, SKB ï Sweden, JAEA - Japan) [2-6]. However, the transferability 

of data to the locations in Slovakia is doubtful due to the differences in a near field and far field. Due to 

this fact, the goal of these calculations is not to confirm the safety of the repository at a given location, but 

to obtain a principle understanding about the importance of evaluated parameters for the repository 

system. 

 

Conceptual model 
 

As a reference case, normal groundwater scenario was chosen to assess a long-term safety of deep 

geological disposal for spent fuel. In normal groundwater scenario is safety of the disposal system 

influenced only by normal evolution processes that lead to the degradation of individual repository 

components. 

Spent fuel is a complex and heterogeneous system and therefore was within the model conceptually 

divided into the structural material, UO2 matrix and instant release fraction [7]. Instant release fraction is 

a fraction of inventory which is after water contact released rapidly, in the term of long-term safety 
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instantaneously. Then the long-term release occurs congruently with the degradation of the fuel matrix 

and structural material. 

 

After the disposal canister fails due to normal evolution processes (1000 years) and water comes into 

contact with the source term (fuel and structural material), released radionuclides start to migrate through 

the bentonite buffer, excavation disturbed zone (EDZ) and crystalline host rock. Concentrations of 

radionuclides in the void volume of the disposal container and in the bentonite buffer are limited by the 

solubility of each chemical element. The solubility limit is partitioned between stable and radioactive 

isotopes of the elements. Since it is considered that the buffer is fully water-saturated, nuclides migrate 

through the bentonite buffer by radial diffusion and are retarded by sorption on the buffer material. 

Host rock is modelled like a fractured zone where each transport pathway has a different transmissivity. 

The variability in transmissivity of individual transport pathways is represented by using a log-normal 

distribution with a log-mean equal to -9.99 and log-standard deviation 1.07 [5].  The transport pathways 

have a length of 100 m and flow into the major water-conducting fault whose length is 300 m. In the 

individual fractures of the host rock as well as in the major-conducting fault, the one-dimensional 

advection, longitudinal dispersion, radioactive decay and ingrowth, diffusion of the nuclides into the 

adjacent rock and instantaneous and reversible sorption on mineral surfaces of the host rock are assumed 

in the conceptual model. The matrix diffusion takes place only in the direction perpendicular to the 

groundwater flow. No infill medium and no solubility limitation are considered in the individual transport 

pathways.  

GoldSim - mathematical model 

Modelling was carried out using the simulation software GoldSim which RT (Radionuclide Transport) 

module allows users to dynamically model mass transport within a complex system of engineering and 

natural barriers. 

 

The modelling of nuclide migration through the bentonite buffer was realized by dividing the buffer into 

small volumes in which the mass change is computed. GoldSim uses a finite volume approach to solve 

the mass transport of radionuclides through these small volumes. The finite volumes are in the GoldSim 

called cells. The basic mass balance equation for a cell i can be described by [8]: 
 

 
 

 ( 1 ) 

where  [kg/s] is the rate of mass change of species s in the cell i, mis [kg] is the mass of species s in the 

cell i, ɚs [s
-1
] is the decay rate for species s, mi,p [kg] is the mass of the parent nuclide of species s, ɚp [s

-1
] 

is the decay rate for parent species p, NPs is the number of direct parents of species s, Ni is the number of 

mass flux links from/to the cell i, fcs [kg/s] is the flux of species s through the mass flux link c (only 

diffusive transport through the near field was assumed in the model) and Sis [kg/s] represents the rate of 

direct input of species s to the cell i from the external sources.  

The first two terms on the right-hand side in Eq. (1) represent the radioactive decay and ingrowth, the 

third term represents mass transfer in or out of the cell i by mass flux links and the fourth one represents 

the direct input into the cell i. The initial concentration in the bentonite buffer is assumed to be zero. The 

sorption of the species s in cells is assumed to happen instantaneously. 
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The concentration of the species s in the mobile zone of the fractures can be described by [8]: 

 

 

 ( 2 ) 

 

where Cm,s [kg/m
3
] is the concentration of species s in the mobile zone of pathway, x [m] is the distance 

into the pathway, Q [m
3
/s] is the flow rate through the pathway, Am [m] is the cross-sectional area of the 

mobile zone, DL [m
2
/s] is the dispersion coefficient, ɚs [s

-1
] is the decay rate for species s, Cm,p [kg/m

3
] is 

the concentration of the parent nuclide of species s in the mobile zone of the pathway, ɚp [s
-1
] is the decay 

rate for parent species p, NPs is the number of direct parents of species s, Pm is the perimeter of the mobile 

zone [m], fim [-] is the fraction of the perimeter connected with matrix diffusion zone, Dim,s [m
2
/s] is the 

effective diffusivity of the species s in the matrix diffusion zone, Cim,s [kg/m
3
] is the concentration of 

species s in the matrix diffusion zone, z [m] represents the distance in the matrix diffusion zone.  

 

The first two terms in the right-hand side of the Eq. (2) represent the rate of change due to the advection 

and dispersion, the next two terms represent the radioactive decay and ingrowth and the last one 

represents the rate of change due to matrix diffusion. The initial concentration in fractures and in the rock 

matrix is assumed to be zero and the weighted nuclide release (weighted by the probabilities of 

transmissivities) is assumed to be a boundary condition for the radionuclide transport in the pathways. 

The sum up of the nuclide release from the transport pathways (fractures) of the host rock is consequently 

used as a boundary condition for the nuclide transport in the major  

water-conducting fault. Nuclides are then released from the major water-conducting fault into the aquifer. 

 

Analysis of the results for the reference case 

 
Release rates from the major water-conducting fault for one disposal container containing 7 spent fuel 

assemblies are showed in Fig. 1. Release rates were calculated based on the conceptual model of the 

hypothetical geological repository.  

 

 

Fig. 1. Release rates from the major water-conducting fault to the aquifer. 
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Transport of nuclides through the host rock and the major water-conducting fault considerably reduces the 

release rates of many nuclides. Actinides are relatively strongly sorbed on the bentonite as well as on the 

host rock matrix and therefore their release rates are very low. Based on the results it can be seen that 

activation and fission products like C-14, Cl-36, I-129, Se-79 and Cs-135 represent the largest 

contribution to the total release rate from the geosphere. Cl-36 and I-129 are assumed to have very poor 

retentive properties (solubility limits and distribution coefficients) and that is why these nuclides 

dominate the total release rate for a long period of time. Inventory of C-14 was divided between the 

structural material and UO2 matrix. It was assumed that C-14 originated from the structural material is in 

an organic form and C-14 originated from UO2 matrix is a part of inorganic compounds [6]. For C-14 

organic, no solubility limitation and sorption is considered in the model (in the near field as well as in the 

far field) and its specific activity is relatively high in comparison with long-lived radionuclides. Because 

of that the release rate of this nuclide is the most significant in the early years of the analysis. It can be 

seen that the release rates are strongly dependent on the retentive properties of individual nuclides.  

 

Sensitivity analysis of geosphere parameters 
 

Only geosphere data was evaluated in this deterministic sensitivity analysis. The evaluation of the near 

field data uncertainties can be found in [9]. The analysed cases cover data uncertainties related to 

groundwater flow (distribution of host rock transmissivities with combination of groundwater flow 

through the EDZ for maintaining consistency), matrix diffusion depth, fraction of pathway surface 

available for diffusion into the matrix, porosity, dry density and effective diffusion coefficient of the rock 

matrix. The correlation between the porosity, dry density and effective diffusion coefficient for the host 

rock was assumed [5]. It was assumed, that the log-mean of the transmissivity distribution was one order 

of magnitude larger and smaller than in the reference case. The overview of the analysed data 

uncertainties can be found in the following table (Tab. 1). 

 

Tab. 1. Analysed data uncertainties [5]. 

Cases 

Log-mean  

of 

transmissivity 

distribution 

Matrix 

diffusion 

depth [m] 

Fraction of 

pathway 

surface 

[-] 

Porosity 

[-] 

Dry density 

[kg/m
3
] 

Effective 

diffusion 

coefficient 

[m
2
/s] 

Reference case -9.99 0.10 0.5 0.02 2646 3x10
-12

 

Conservative case -8.99 0.01 0.1 0.01 2673 3x10
-14

 

Non-conservative 

case 
-10.99 1 1 0.03 2619 3x10

-10
 

 
 

To determine an impact of analysed data uncertainties on repository performance, the total maximum 

release rate was quantified for every sensitivity case. A case where the total maximum release rate was 

higher than in the reference case is called a conservative case and a case where the total maximum release 

rate was lower than in the reference case is called a non-conservative case. Fig. 2 shows the total 

maximum release rate from the major water-conducting fault in individual cases. 

.   
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Fig. 2. Total maximum release rate in individual cases: Case 1 - reference case,  

Case 2, 3 ï transmissivity distribution, Case 4, 5 - matrix diffusion depth, Case 6, 7 ï fraction of the 

fracture surface available for diffusion into the host rock matrix, Case 8, 9 ï porosity, dry density, 

effective diffusion coefficient. Higher release rate always represents the conservative case and lower 

release rate represents the non-conservative case. 

 

Based on the results it can be seen that the biggest influence on the total maximum release rate has the 

transmissivity distribution. On the other hand the correlation that has been assumed between the porosity, 

dry density and effective diffusion coefficient reduces the difference between the conservative and non-

conservative case. A lower porosity implies a greater sorption on the host rock matrix, but also a slower 

diffusion into the matrix. Due to the fact that nuclides with poor retentive properties (small distribution 

coefficients) dominate the total release rate, the change in the effective diffusion coefficient has a greater 

impact on the total release rate than the sorption influenced by dry density. Changes in the matrix 

diffusion depth affect the total maximum release rate by about one order of magnitude between the 

conservative and non-conservative case, but the changes of this  parameter were quite significant (from 

0.01 m to 1 m).  

 

Conclusion 
 

To assess an impact of near field and far field processes, which were determined as safety relevant, the 

model of the multi-barrier system of geological repository was developed. The results showed that many 

of nuclides are effectively sorbed on the bentonite buffer and host rock matrix. Based on the results it can 

be concluded that activation and fission products like C-14, Cl-36, I-129, Se-79 and  

Cs-135 represent the largest contribution to the total release rate from the geosphere. Cl-36 and I-129 are 

assumed to have high solubility limits and low distribution coefficients and that is why these nuclides 

dominate the total release rate for a long period of time. 
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To determine an influence of geosphere data uncertainties on repository performance, the sensitivity 

analysis of geosphere parameters was performed. The total maximum release rate was quantified for 

every sensitivity case and the differences between the conservative and non-conservative case were 

evaluated. From the selected data uncertainties, the greatest impact on the total maximum release rate has 

the log-mean of transmissivity distribution (with combination of groundwater flow through the EDZ) for 

individual transport pathways. Changes in the matrix diffusion depth affect the total maximum release 

rate by about one order of magnitude.  

 

Acknowledgement 
 

This project has been supported by the Slovak Grant Agency for Science through grant VEGA 1/0796/13. 

 

References 
 

[1] National Nuclear Fund for Decommissioning of the Nuclear Installations and for Handling of Spent 

Fuel and Radioactive Waste: The Strategy for the Final Stage of Peaceful Utilization of the Nuclear 

Energy in SR. January 2014 

[2] Radioactive Waste Repository Authority (RAWRA). Updated Reference Project of Geological 

Repository in a Hypothetical Locality. Czech Republic: RAWRA, 2012 

[3] National Cooperation for the Disposal of Radioactive Waste (NAGRA). Project Opalinus Clay: 

Demonstration of disposal feasibility for spent fuel, vitrified high-level waste and long-lived 

intermediate-level waste (Entsorgungsnachweis). Switzerland: Nagra, 2002, ISSN 1015-2636 

[4] Prváková, S., Nilsson, K., F. Treatment of Data Uncertainty for the Modelling of Radionuclide 

Migration in Geological Repository. Luxembourg: Office for Official Publications of the European 

Communities, 2006. 44 p. ISSN 1018-5593 

[5] Japan Nuclear Cycle Development Institute. H12: Project to Establish the Scientific and Technical 

Basis for HLW Disposal in Japan. Japan: JNC, April 2000 

[6] Japan Atomic Energy Agency (JAEA). Preliminary Assessment of Geological Disposal System for 

Spent Fuel in Japan: First Progress Report on Direct Disposal. Japan: JAEA, December 2015 

[7] Poinssot, C., Ferry, C., Kelm, M., et. al.  Spent Fuel Stability Under Repository Conditions ï Final 

Report of the European Project. European Commission, 2004, 104 p. 

[8] GOLDSIM Technology Group LLC. GoldSim Contaminant Transport Module, User`s Guide. 

Washington, USA, 2014 

[9] Barátová, D., Neļas, V. Evaluation of uncertainties related to the near field model of geological 

repository for spent nuclear fuel. In World Journal of Engineering and Technology. Vol. 3, (2015), p. 

163-169. ISSN 2331-4222 



 
NUCLEAR ð 2016  

 
 ̓ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

 

 
 

ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

13 

ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

 

 

 

 

 

LATEST DEVELOPMENTS IN THE PREDISPOSAL OF RADIOACTIVE 

WASTE AT THE RADIOACTIVE WASTE MANAGEMENT DEPARTMENT 

FROM IFIN-HH 

 
FELICIA DRAGOLICI*, GHEORGHE DOGARU*, ELENA NEACSU* 

 

*HORIA HULUBEI National Institute for Nuclear Physics and Engineering, P.O.Box MG-6, 

RO-077125 Bucharest-Magurele, Romania 

fdrag@nipne.ro, dogaru@nipne.ro, egneacsu@nipne.ro 

 

 

ABSTRACT  

 

 
The Radioactive Waste Management Department (DMDR) from IFIN-HH has a wide 

experience in the management of the non-fuel cycle radioactive wastes from all over Romania 

generated from nuclear techniques and technologies application, assuring the radiological 

safety and security of operators, population and environment. During 2011-2015 was 

implemented a major upgrading programme applied both on the technological systems of the 

building and on equipment. The paper describes the facility developments having the scope to 

share to the public and stakeholders the radioactive waste predisposal capabilities available at 

DMDR-IFIN-HH. 

As a whole, today DMDR-IFIN-HH represents a complete and complex infrastructure, 

assuring high quality services in all the steps related to the management of the institutional 

radioactive waste in Romania. 

 

Key words: radioactive waste, predisposal, development, infrastructure 

 

 

Introduction  
 

The generation of radioactive waste varies from country to country depending on the scale applications 

and range of activity associated with nuclear and radioactive material use in that country. The nuclear 

industry and institutional applications of radioisotopes generate a broad spectrum of low and intermediate 

level radioactive waste. Various factors, including the nature and the amount of radioactive waste, 

occupational and public exposures, environmental effects and human health, safety, and social and 

economic factors, are to be considered when deciding between options in the predisposal management of 

radioactive waste. However, the preferred option, as far as is reasonably practicable, is to concentrate and 

contain the waste and to isolate it from the biosphere. 

In Romania, the Radioactive Waste Management Department (DMDR) from IFIN-HH has a wide 

experience in the management of the non-fuel cycle radioactive wastes from all over Romania generated 

from nuclear techniques and technologies application, assuring the radiological safety and security of 

mailto:egneacsu@nipne.ro
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operators, population and environment. The plant was commissioned in 1974 being at that time a state-of-

the art facility and for almost 35 years the plant worked in its initial configuration without any 

refurbishments or implementation of new technologies. 

Radioactive waste treated at DMDR arise from three main sources:  

- Waste arising from the Magurele VVR-S Research Reactor (operation ceased in December 1997) and 

associated with actual and future decommissioning works (i.e. water from spent nuclear fuel storage 

pools);  

- Local waste from other facilities operating on IFIN-HH Magurele site (i.e. from Radioisotopes 

Department, Life and Environmental Sciences Department, the new accelerators facilities etc.). These 

sources include also waste generated during the routine operations of the DMDR;  

- Waste from IFIN-HH off-site facilities and those received from medical, biological, and industrial 

applications all over the country.  

 
Once the national requirements and international recommendations were developed, it became obvious 

the need to upgrade the existing facilities for radioactive waste management in a safe and cost effective 

manner. Thus, during 2011-2015 was implemented a major upgrading programme applied both on the 

technological systems of the building and on equipment. The paper describes the facility developments 

having the scope to share to the public and stakeholders the radioactive waste predisposal capabilities 

available at DMDR-IFIN-HH. 

Upgrading strategy and works  

 
Upgrading strategy is the means for achieving the goals and requirements set out in the national policy for 

the safe management of radioactive waste. So, DMDR upgrading strategy followed national policy, new 

international agreements and DMDR specialists experience accumulated over an operational activity 

spanning more than 25 years and basic knowledge gained in radioactive waste management [1].  

 

Basically, the upgrading works were focused on dismantling of old equipment and managing the resulted 

wastes followed by rehabilitation of the main buildings in terms of replacing the electrical, ventilation, 

drainage systems and architectural works. In the same time were implemented new technologies and 

equipment for solid and liquid waste conditioning, decontamination and manipulation, a centralized 

radioprotection system and was settled up a new laboratory with extented skills.  
 

Shortly, the main upgrading works carried out at DMDR in the last years were:  

Á Dismantling of old equipment, waste characterization, treatment, free release, storage;  

Á Development of a new technologic system for liquid radioactive effluents treatment (tanks, pump, 

pipes, measurement devices);  

Á Rehabilitation of the 300 mc storage tanks ( including technological system, architecture)  

Á Replacement of old technological systems (solid waste conditioning, decontamination devices, 

electric system, technological ventilation system, drainage system, handling devices and equipment);  

Á Rehabilitation of the main building (architecture, laboratories, offices);  

Á Rehabilitation of the access roads, platforms, water drainage system.  
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DMDR activity description  

National policy for radioactive waste management is fully aligned with international requirements set by 

the "Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste", 

ratified by Law no. 105/1999, as well as radioactive waste management policy promoted at EU level. 

Activities performed within DMDR are so designed that optimal implementation of all principles and safe 

management of radioactive waste can be ensured. Thus, facilities for the intermediate storage are 

operational, treatment and conditioning technologies have been implemented, methods and equipment for 

waste handling are available. After, evaluation, collection and transport, the most complex step is waste 

treatment in order to reduce the volume (by super-compaction, treatment of liquid radioactive effluents 

and by unrestricted release after proper characterization), followed by conditioning step to assure safe 

handling, transport, storage and final disposal. Conditioning involves immobilization and final packaging 

for disposal.  

For all management stages, administrative and organizational measures are in force to enhance 

operational safety, to prevent incidents and to assure the safety of operators as well as the safety of public 

and environment.(fig. 1). 

 

Fig. 1. Radioactive Waste Management workflow in DMDR 

 

The technical expertise and services are delivered by trained personnel and authorized practices and 

processes are in place. 

  

Thereby, collection and transport of radioactive waste from small producers are carried out by authorized 

vehicles and specialized personnel. These vehicles allow loads of different activities, mass and volume 

and are equipped with autonomous devices for loading/unloading. 

  

Manipulation of radioactive waste is performed with specialized equipment, designed for treatment/ 

restrictive release / unrestrictive release. Safely handling, transfer and conditioning of high activity 
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sources is done in a shielded hot cell specially designed to meet safety standards: a large lead glass 

window providing full view of the interior, air environmental control, multiple product manipulation and 

product retrieval options (fig. 2a). Radioactive waste in the form of open sources is handled in two glove 

boxes whose essential attribute is the ability to maintain a completely separate environment from ambient 

and to protect the operator. Their internal surfaces (including worktop) are from stainless steel with 

seamless corners which allow easy cleaning and decontamination. In order to reduce workers exposure, 

the gloveboxes are properly shielded and ventilated to ensure maximum safety during smoke detectors 

dismantling or other radioactive materials manipulation. Polyurethanegloves having exceptional 

mechanical properties, flexibility and dexterity and an excellent behavior against ionising radiations are 

used (fig. 2b). 

 

  
Fig. 2. Hot cell (a) and gloveboxes (b) from DMDR 

 

Installation for sorting/shredding ensures the segregation of the solid waste in waste stream allowing the 

subsequent processing and, respectively, conditioning. If a treatment technology is not available for a 

certain type of waste, sorting will permit the separation of these categories of waste for interim storage, 

until a proper treatment method will be developed. Sorting/shredding installation encloses a stainless steel 

compartment for loading barrels sized to enable handling of a standard barrel for solid waste (fig. 3). 
 

 
Fig. 3. Sorting / shredding installation and cutting equipment 

 

Cutting equipment as saws, guillotine, mobile hydraulic cutter, hand operated cutters, plasma cutter, 

provide the required size reduction of metallic radioactive waste, for further conditioning (fig. 3). 

 

Treatment/confinement/conditioning of liquid and solid radioactive waste are used to convert radioactive 

waste materials into a form that is suitable for its subsequent management, such as transportation, storage 

and final disposal. The principal aims are to: 

Å Minimise the volume of waste requiring management via treatment processes. 

Å Reduce the potential hazard of the waste by conditioning it into a stable solid form that immobilizes it 

and provides containment to ensure that the waste can be safely handled during transportation, storage 

and final disposal. 
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To minimize the volume of solid radioactive waste DMDR implemented supercompaction method of 

compressible radioactive waste directly in 220 L drums. Supercompaction is performed using a 20,000 

kN High Power - HFC (High Force Compactor) turning 220 L drums into pellets with different heights 

depending on the content [2,3]. 

 

After the compaction the resulting pellets are confined in 420 L drums and conditioned for transport and 

disposal (fig. 4). 

 

 
Fig. 4. Supercompaction process at DMDR 

 

Treatment of radioactive liquid wastes is receiving considerable attention due to the recognition of its 

importance for the protection of human health and the environment from the adverse effect of radiation 

associated with these wastes [4-6]. In addition to the radioactive components, LILW may contain non-

radioactive components (such as, heavy metals and organics) that can result in harmful effects on human 

health and the environment. In some cases, radionuclides can exhibit chemical toxicity as well. In light of 

the above, DMDR applies technologies for treatment of these types of waste based on a combination of 

conventional methods, as filtration and sorption, with modern methods as ultrafiltration and reverse 

osmosis, which allow not only a broad spectrum of radionuclides to be concentrated, but also the solving 

of problems associated with the effect of chemical composition of the wastes (fig. 5). 

 

 
Fig. 5. Liquid radioactive waste installation (a) and technological flow sheet (b) 

 

Conditioning system allows immobilization and packaging of radioactive waste by cementation in 220 L 

or 420 L standard drums [7-13]. Final type A package is appropriate and secure for transport and disposal. 

The conditioning system comprises equipment for mortar preparation (according to specific recipes) and 

an in-drum-mixer used for the cementation of concentrates from liquid waste treatment, a platform scale 

for drums weighing and a dosing pump, a component of liquid radioactive effluent treatment plant, 

allowing dosing and pouring liquid radioactive waste into 220 L drums. This system is easy to operate 

and requires the minimum amount of space and infrastructure.  
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The DMDR laboratory (DMDR ï lab) is endowed with state-of-the-art infrastructure and can provide a 

complete range of mechanical tests, gamma spectrometric, alpha, beta counting, fizico-chemical, 

elemental and structural analysis of samples, as well as technical base to support research activities [14-

16].  

 

The DMDR ï lab has implemented Quality Management System acc. to EN ISO / IEC 17025: 2005, is 

notified by the National Commission for Nuclear Activities Control (CNCAN) and is equipped with 

following infrastructure (fig. 6): ICS-5000 Ion Chromatography System; Spectroquant Pharo 300 UV/VIS 

Spectrophotometer; SPECTROBLUE Inductively coupled plasma spectrometer; XRF Spectrometer; 

XRD Diffractometer with DIFFRACPLUS SEARCH Software and Data Base ICDD Powder Diffraction 

File PDF; Trans-SPEC-100 Ortec Gamma Analyser ; ISOCART Ortec Gamma Analyser; MPC-2000 Ŭ 

and ɓ global in low background measurement System; Canberra ɔ -Analyser with HPGe detector in low 

background; Tri-Carb 2910T Liquid Scintillation Analyzer for very low level activity analysis; GD 700T 

Climatic chamber; IMPACT CN 790 automatic concrete water permeability apparatus; MATES CYBER-

TRONIC mechanical tests equipment (flexure and compression tests). Moreover, for the development of 

testing capabilities in laboratory and in-situ conditions related to the behaviour of sealing materials and 

engineering barriers to be used for the final closing of radioactive waste repositories an experimental 

gallery was established at DNDR. 

 

 
Fig. 6. DMDR ïlab infrastructure 

 

Decontamination plays an important role in the DMDR activities [17]. Thus, the Decontamination Center 

has facilities to perform decontamination of areas or surfaces and equipment, as: 

 decontamination cabinet equipped with watering lance, hydraulic jet and steam lance cleaning devices 

(fig.7a). 

 abrasive decontamination facility (fig. 7b) where the surface of metallic objects are decontaminated by 

blasting. Secondary waste from the decontamination process, as shot blast residues, filter dust, others 

are collected as in-house waste and adequately treated. 

 chemical ultrasound decontamination bath (fig. 7c). 

 personal protective equipment facility fitted with two industrial automatic washing machines, tumble 

dryers, pneumatic press (fig. 7d) 

 autovehicle decontamination facility. 
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(a)                                 (b)                                     (c)                                     (d)  

Fig. 7. DMDR Decontamination Center infrastructure 

 

Conclusions  
 

Nowadays, in DMDR are available modern technologies for radioactive waste management, such as: 

treatment of liquid radioactive effluents, treatment of solid radioactive waste, handling techniques for 

radioactive spent sources, decontamination techniques, as well as other specific tools for waste 

management. Technical assistance and research capabilities on the whole radioactive waste management 

cycle, from collection to disposal are assured by trained and qualified personnel. 

 

According to our strategy to offer complete services to the waste producers, was licensed a multipurpose 

laboratory which perform gamma spectrometric, radiochemical, mechanical and structural 

characterisation of different types of wastes, materials and environmental samples. 

 

The research and development activities constitutes a major priority of the department, being focused on: 

- continues optimisation of the technologies related to radioactive waste managment; 

- development of new radwaste managment technologies; 

- development and implementation of new radwaste characterisation methods; 

- safety assessment analyses on the technological fluxes; 

- development of special confinement matrices and time stability validation. 

 

As a whole, today DMDR-IFIN-HH represents a complete and complex infrastructure, assuring high 

quality services in all the steps related to the management of the institutional radioactive waste in 

Romania. 
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ABSTRACT  

 

 
The aim of this study was to evaluate the influence of high pH plum released from the disposal 

area on the Cs-137 sorption on the loess layer. Bach sorption tests showed that cesium sorption 

is decreased at high pH of contacting solution. Depending on the initial cesium concentration 

in the contacting solution, the cesium distribution coefficient (Kd) decreased with a factor of 

almost 4, while at lower cesium concentration the decrease factor is lower (~2). At very low 

cesium concentration, the Kd at high pH seems to not be affected (a slightly higher Kd value 

was obtained but this increase could be due to the inherent experimental errors). But even in 

this high pH conditions the percentage of cesium sorbed on loess samples is higher than 95.5%. 

 

Key words: cesium, distribution coefficient, pH influence 

 

 

Introduction  
 

Surface disposal is considered in many counties with nuclear programmes the preferred option for low 

and intermediate level (LIL) radioactive waste disposal. The waste accepted in a near surface repository 

contain mainly short lived radionuclides that decay up to insignificant radioactivity level in few decades 

or centuries. The safety of the overall waste disposal system is based mainly on the engineering barriers 

(waste form, waste container, disposal modules, backfill and liners, disposal cells, cover materials) 

designed to perform an important role in preventing ingress of water, and in confining radionuclide and 

retarding their release from the disposal area. The geology of the host site will retard furthermore the 

radionuclide transport through geosphere so that at the time radionuclides enter in biosphere their hazard 

(in term of dose) will be well below the regulated limits. The choice of disposal concept is driven by 

climate, waste form, geological and hydrogeological conditions, as well as the assurance that the concept 

will accomplish the radiological performance requirements. 

 

Saligny site, situated in the proximity of Cernavoda NPP was selected to host the Romanian LIL waste 

repository. From the lithological point of view the Saligny site is composed of four main units: Unit A 

formed by loess deposits, Unit B formed by red clay deposits, Unit C formed by Aptian deposits and Unit 

D that is a Carbonate complex [1]. Unit A is divided into two layers: silty loess (A1) and clayey loess 

(A2). According to the position into the unsaturated or saturated zone, the Aptian deposits are divided into 
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unit C1 (unsaturated) and C2 (saturated) [1]. The Carbonate complex (Unit D) is formed by oolitic and 

bioclastic limestones. This unit is a regional aquifer (Beriasian) which is in direct connection with Danube 

River and Danube-Black Sea Channel [1]. Consequently, it is considered the main route for the 

radionuclides released from unsaturated zone to enter into the biosphere.  

 

The main factor leading to the release of radionuclides from the disposal area is the water infiltration 

through the disposal cover. Once the water is infiltrating in the disposal cells it will dissolve the 

radionuclides and will transport them through the geosphere. Water is therefore the most important 

transport medium for all radionuclides released from the disposal area.  

 

Most transport codes used to predict the contaminants migration in the subsurface environment require 

parameters describing the distribution of the contaminants between the aqueous and solid phases. The 

parameter used to describe this partitioning is the distribution coefficient, a parameter describing the 

degree to which a particular geologic formation (sediment) will retain or immobilize a contaminant. 

 

In the preliminary performance assessment of Saligny site, the values used for the radionuclide 

distribution coefficients were measured at natural pH of Saligny groundwater (around 8). But the pore-

water in the cementitious materials is saturated with calcium carbonate and has a high pH (12-13). 

Consequently at the release from the disposal zone the contaminant plum will have a high pH. Until the 

contaminant plum will be diluted by the fresh pore-water the radionuclide sorption could be affected. In 

order to check this hypothesis, sorption tests were performed for one of the main radionuclide present in 

the LIL waste intended to be disposed of in the future near surface repository - 
137

Cs. This radionuclide 

was also selected for this experimental study due to its strong sorption on the unsaturated layers of 

Saligny site at natural pH [2]. Cesium - 137 (fission product with half-life of 30 years) is presented in the 

radioactive waste only as Cs
+
 at any pH values. Its sorption is affected by the groundwater salinity, 

concentration at which this radionuclide is released in the groundwater and by the presence of the 

competitive ions (such as Na
+
, Ca

2+
 and specially K). Presence of a high amount of these competing 

cations could decrease the Cs
+
 sorption.  

 

Transport of contaminants through the unsaturated zone 
 

Radionuclides are transported by the infiltrating water through geosphere but their transport is retarded by 

a variety of processes including diffusion of ions into dead-end pores, molecular filtration, ion exclusion, 

sorption, mineralisation and precipitation [3]. By diffusion into dead-end pores ions are trapped into these 

pores since the groundwater does not flow through them and they are not continuously attached to a larger 

pore network. When a molecule is larger than a pore it cannot diffuse through it, process named 

molecular filtration. Ion exclusion takes place when the surface of a pore has the same charge as the ion, 

thus repelling each other from their vicinity. Ion exclusion can accelerate the contaminant transport since 

this process prevent the ions penetration in smaller pores and channels and contaminant transport takes 

place through larger flow pores. Sorption can be divided to physical and chemical sorption. Physical 

sorption takes place when adsorbent (constituents of the geological media) binds the contaminant to its 

surface through weak physical van der Waals forces. Chemical sorption occurs through the binding of the 

contaminant with chemical (covalent) bonds on the surface of adsorbent. Chemical sorption is also called 

inner sphere complexation. A special class of chemical sorption widely involved in radionuclide sorption 

in geologic formations is ion exchange process, also called outer sphere complexation. In the ion 

exchange processes radionuclide binding takes place through the electrostatic attraction of the opposite 

charges of the exchangeable ion and the sorbent. The usual sorbents for cationic species in geologic 

media are the clay minerals, oxides of Fe, Al, and Mn and other minerals present. Anionic species are 

sorbed by the humus matter, iron oxides and a few clay minerals that have a net negative charge 
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(halloysite and imogolite) [3]. When the radionuclide is immobilized by its incorporation into the mineral 

lattice and a solid phase is formed the retention process is called mineralization. Precipitation process 

takes place when the solubility constant of the contaminant substance is exceeded a solid phase is formed 

in the liquid phase [3].  

 

Sorption coefficient is a parameter quantifying the fraction of radionuclide sorbed on geologic formations 

and it is expressed as the equilibrium ratio of radionuclide concentration in the solid phase (Aeq) 

compared with that in the liquid phase (Ceq): 

 

eq

eq

d
C

A
K        (1) 

 

Kd is used to describe the mobility of radionuclides in the environment: when Kd is small, the fraction of 

radionuclide sorbed in the solid phase is low and the radionuclide has high potential mobility. Opposite, 

when the Kd is high, a major fraction of radionuclide is sorbed on the solid phase and it has low potential 

mobility. 

 

Two main category of factors control the transport of radionuclides in geologic formations: elemental 

parameters and geology-specific ones. The speciation of the contaminant represents the most important 

elemental factor and it is affected by the soil redox potential, pH and complex forming ligands. The 

geology-specific parameters that have important influence on radionuclides retention include the 

mineralogical and chemical characteristics of the geological layer, such as clay minerals and clay mineral 

content, particle size distribution, organic matter content, redox potential and pH. Radionuclides which 

tend to form anionic species in aqueous solutions, such as radiocarbon, sorb poorly on soils mineral 

constituents and have high potential mobility. Cationic radionuclides, such as cesium, are efficiently 

sorbed on the clay minerals present in soils. 

 

Experimental methodology 

 
Batch sorption experiments were performed to assess the influence of the pH on 

137
Cs sorption on loess 

layer of the Saligny site. This method is commonly used in many laboratories and it consists in contacting 

a certain volume of tracer solution with a known mass of crushed porous material [4]. Since by the 

definition the distribution coefficient is measured at equilibrium, preliminary tests have to be run to 

determine the equilibration time, i.e. the time needed to attain the equilibrium between the tracer solution 

and the crushed geologic sample. After the equilibrium is achieved the two phases are separated (by 

filtration or by centrifugation) and the tracer concentration in solution is measured.  

 

The batch sorption tests were run for a solid to liquid ratio of 1 to 10 (2 g of crushed loess contacted with 

20 ml of tracer solution), at room temperature (23±3C), in 25 ml centrifuge tubes. During the 

equilibration period, the test tubes were placed on an orbital shaker at 70 rpm. After equilibration the 

tubes were centrifuged at 4000 rpm for 40 min and the supernatant was separated and measured for 
137

Cs 

concentration by liquid scintillation spectrometry. 

 

Since the equation (1) is applicable assuming that the system is reversible and it is independent of the 

contaminant concentration in the aqueous phase, the contaminant concentration was varied while the 

other parameters (solid to liquid ration, equilibration time and pH) were held as constant as possible to get 

the so called sorption isotherms. These isotherms were obtained by plotting the amount of contaminant 

removed by the solid matrix during the batch tests versus the contaminant concentration in solution. The 
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amount of the contaminant sorbed on the minerals was computed using the following mass balance 

equation: 

 

 
m

V
CCA eqeq 0

   (2) 

 

where: Aeq is the quantity of contaminant sorbed on the loess constituents (Bq/g), C0 is the initial 

concentration of contaminant in solution (Bq/ml), Ceq is the contaminant concentration in solution after 

the sorption equilibrium was attained (Bq/ml), V is the volume of tracer solution (ml) and m is the mass 

of loss sample used in the sorption tests (g).  

 

The tracer solutions were obtained by diluting stock solutions with known tracer concentration with 

synthetic water obtained in laboratory to contain the main anions and cations naturally present in the 

Saligny groundwater. The chemical composition and the physical and chemical characteristics of the 

simulated water are given elsewhere [2]. 

 

The sorption experiments were carried out at pH ranging between 7.5 and 12.5. Since the pH of 

contaminant plum will decrease in few meters, the only geologic formation affected by the high pH plum 

is the loess layer found beneath the repository. For this experimental study a loess sample from Saligny 

site sampled from one of the boreholes drilled for site characterisation (PH-03) was selected (the sample 

depth is 8-8.6 m). To be used in the sorption experiments, the loess sample was dried at room 

temperature, milled and sieved through 2 mm sieve. In the sorption tests only the fraction with particle 

size less than 2 mm was used. 

 

The loess sample was pre-equilibrated for 48 hours (2g loess and 20 ml Saligny synthetic water) in order 

to reduce the multitude of reactions that can occur when the loess sample is contacted with synthetic pore-

water. During the pre-equilibration period the centrifuge tubes were horizontally placed on an orbital 

shaker set at 70 rpm.  

 

After the equilibration period, the water was removed from the centrifuge tubes, and the test tubes were 

weighed to take into account the amount of water remained in the loess prior the addition of the cesium 

solution and start the sorption experiments. 

 

Each sorption test was performed in duplicate and one control sample with only tracer solution was run in 

the same conditions to check the potential sorption of cesium on the test tubes and the stability of the 

tracer solution. Also, a blank sample was run to measure the 
137

Cs background. 

 

Three sets of batch sorption tests were run at three different pH values: 7.5, 9.0 and 12.5. Each set of 

experiments was carried out for three concentration values to obtain cesium sorption isotherms. 

 

The contacting solutions were obtained by diluting a standard 
137

Cs solution with activity of 6.75x10
5
 

Bq/ml with Saligny synthetic water to get 
137

Cs concentration between 69 and 273
 
Bq/ml, typical 

concentration at which this radionuclide could be released from the disposal area. To increase the pH of 

the cesium solution from 7.5 to 9 and 12.5 few drops of sodium hydroxide 2M solution was used.  

 

Based on previous tests performed to measure the time needed to get the cesium sorption equilibrium, the 

contacting time used in this set of sorption experiments was 24 hours [2].  
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Results and discussion 
 

Similar with previous sorption tests run at pH around 8, the experimental data showed that irrespective 

the pH of contacting solution cesium sorption on loess sample is best described by the Freundlich 

sorption isotherm. An example of such an isotherm is presented in Figure 1 for sorption test conducted at 

pH of 7.5. 
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Fig. 1.  Freundlich sorption isotherm for 
137

Cs at pH of 7.5 

 

At higher pH (12.5), the value of the exponential constant of the Freundlich isotherm is close to 0.9 

(Figure 2), indicating that the nonlinearity of cesium sorption is attenuated, and the cesium sorption could 

be equally represented at this high pH value both by linear and Freundlich sorption isotherm (R
2
 = 0.991 

for linear sorption isotherm compared with 0.994 for the Freundlich isotherm). The two isotherms for 

cesium sorption at pH of 12.5 are shown in Figure 2. 

 
 

      

 

 

 

 

 

 

 

 

 

 

Fig. 2. Freundlich isotherm (a) and for 
123

Cs sorption on loess sample at pH of 12.5 

 

The experimental data obtained for 
137

Cs sorption in the pH ranging between 7.5 and 12.5 shows that for 

all three initial concentrations of cesium in contact solution, the distribution coefficient increases slightly 

with pH increasing from 7.5 to 9 (see Figure 3). But for pH of 12.5 the cesium distribution coefficient 

sharply decreased to almost the same value irrespective of the initial cesium concentration in the 

contacting solution at (see Figure 3). Excepting for the sorption test run at low cesium concentration in 

contacting solution, the value of the distribution coefficient obtained at high pH is much lower than those 

obtained for natural pH (7.5). 
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Fig. 3. Variation of the 
137

Cs distribution coefficient 

 

The decrease of the distribution coefficient with increase of the contacting solution pH could be due to the 

competitive effect of Na
+
 ions introduced from the NaOH solution used to increase the pH.    

 
Similar behavior as for Kd could be also observed for the percentage of cesium sorbed on the loess 

sample (see Figure 4). Irrespective the initial cesium concentration in the contacting solution, the 

percentage of cesium sorbed in experiments carried out at pH of 12.5 is smaller than for pH of 7.5 and 9. 

But even in this high pH conditions the percentage of cesium sorbed is higher than 95. 
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Fig. 4. Percentage of cesium sorbed on the loess vs. pH 

 

 

Based on cesium Eh-pH diagram, cesium speciation does not depend on the redox potential of the 

geologic formation [5] and cesium ion does not hydrolyse. Cs+ is the dominant species this element can 

be found in geologic systems for a large pH range [6]. 

 

Since the pH does not affect the cesium speciation, the differences observed between the Kd values as 

well as between the percentage of cesium sorbed on loess sample could be due to the changes that may 

occur in the surface properties of the minerals involved in the cesium sorption. The Kd increasing with 

the increase of pH from 7.5 to 9 could be explained by the increase in negative net charge on the surface 

of minerals (because of the bounds break and exposure of the hydroxyl groups). But, since this increase of 

Kd with the increase of pH is not valid for even higher pH value (12.5), not only the pH-dependent 

surface charge is involved in the cesium sorption process, but also other factors such as: 

- The decrease of the particle surface when the surface/volume ratio increases [7] 
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- The solution composition ï at lower ionic strength there is less competition between cations [8, 9, 

10]. The effect of anions may take place by the formation of surface complexes, for example 

MSO4Cs [3]. In addition, cations present in the solution at higher pH can have competitive effect 

on the cesium sorption. For example, at the release from the disposal area the solution containing 

the dissolved radionuclides is saturated in Ca
2+

, cation that has competitive effect on cesium 

sorption.   

- The solid phase composition - such as increasing the iron oxide content [3]. 

 

The redox potential can indirectly affect the cesium retention and mobilization through reactions leading, 

in anoxic conditions, to the release of ammonium ions and other ions in solution. As the NH4
+
 ion 

concentration in the solution increases cesium remobilization increases due to the exchange reactions 

occurring between cesium ions sorbed on the minerals and NH4
+
 ions. But the sorption experiments were 

run in aerobe conditions and consequently competition with NH4
+
 should not occur.  Another ion with 

competitive effect on cesium sorption is K
+
 but the competition between Cs

+
 and NH4

+
 is stronger 

because NH4
+
 ion has a more similar behaviour with Cs

+
 than K

+
 has. 

 

Conclusion 
 

The sorption experiments showed that cesium sorption is decreased at high pH of solution. Depending on 

the initial cesium concentration in the contacting solution, the cesium distribution coefficient (Kd) 

decreased with a factor of almost 4, while at lower cesium concentration the decrease factor is around 2. 

At very low cesium concentration, the Kd at high pH seems to not be affected. A slightly higher Kd value 

was obtained at pH of 12.5 but this increase could be due to the inherent experimental errors.  

 

This decrease of cesium distribution coefficient at high pH could be due to the competitive effect of Na
+
 

ions on cesium sorption. These ions were introduced in solution through the NaOH 2M solution used to 

increase the pH of contacting solutions. In natural conditions, a similar competitive effect will occur due 

to the presence of the Ca
2+

 released from the cement. But even in this high pH conditions the percentage 

of cesium sorbed is higher than 95.5. 

 

But the competitive effect of Na
+
 could not explain the degree of the decrease in Kd. Other factors are 

also involved in cesium sorption at high pH in contacting solution and further experiments will be 

performed to bring complementary evidences that could explain better the effect of pH on cesium 

sorption.    

 

These new experimental data will be used in cesium transport modelling through the unsaturated zone 

aiming to confirm the capability of the geologic layers of Saligny unsaturated zone to retard the cesium 

transport enough to not result a significant radiological impact on the population and environment. 
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ABSTRACT  

 

 
In the nuclear power plants using light water and heavy water as coolant, as well as in most 

waste treatment installations, the ion-exchange resins are used to purify water circuits. Since 

the resins retain both radionuclide and chemical impurities, it represents a low- and 

intermediate- radioactive waste that requires special management for storage and disposal. 

From experimental studies it was found that the conditioning of the used resin in bitumen has 

several advantages. But there are some disadvantages, too, one being the significant amount of 

gas produced during the bituminization process because of the high temperature (1200C). 

Besides water vapours, the condensable gas mixture (formed by a liquid fraction and an oil 

fraction) contains products generated from the partial decomposition of the resin and release of 

degradation products of bitumen: dimethyl and trimethylamine, methanol - compounds 

resulting from the destruction of functional groups and hydrocarbon fraction formed by n-

paraffins (C6-C32), iso-paraffins and aromatics. 

 

Key words: resins, bituminization, amines, degradation products, hydrocarbons 

 

 

Introduction  
 

In nuclear power plants which use light water or heavy water as coolant, the ion-exchange resins are used 

to purify fluids from plant circuits. Since the resins retain both radionuclide and chemical impurities, they 

represent a low- or intermediate- radioactive waste that requires special management for storage and 

disposal. 

Treatment of spent resin before conditioning is made in order to reduce volume and/or to prepare/adjust 

the parameters of resin for conditioning, meaning the conversion of spent resin to the stable forms from 

chemical and physical point of view, with low leachability. 

Conditioning by direct bituminization of ion exchangers is performed at a temperature between 120-

230
0
C (depending on the nature of the bitumen used and the percentage of resin embedded). 

 

The released gases are passed in a condensation-purification system comprising a cooler (for water 

condensation) and a filter (for retaining radionuclides released with the gases). 
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During the bituminization process, because of high temperature (120
0
C) a significant amount of gas is 

produced. Besides water vapours, the gas contains degradation products of resin and bitumen (monomers, 

dimers, amines, NH3, SO2) and distillation and degradation products of the bitumen which might 

complicate the bituminization process. 

 

Sources of spent resins generated at NPP Cernavoda 
 

Within Cernavoda NPP the resins are used for: 

- purification system of the heat transport system; 

- purification of cooling system; 

- purification of the moderator; 

- purification of the water in the spent fuel bay; 

- purification of the cooling water of biological protection; 

- purification of the cooling water from fueling/defueling machine; 

- purification of used water; 

- purification of the control reaction zone; 

- purification of different liquid radioactive waste from leakages, drainage system, decontaminations, 

laboratories. 

 

Ion-exchange resins are considered ñspentò when they are loaded at full capacity or when, under 

the radiation, structural changes are occurred and thus, losing the ability for purification and 

decontamination of the waters. 

 

Experiments for conditioning the spent resins in bitumen 
 

Conditioning experiments of spent resin were performed (Table 1) in bitumen I 60-70, at various 

embedding ratios dry resin: bitumen (0.55; 0.65-0.68; 1) and using different types of resins: cationite, 

anionite, carbonated anionite or mixture. 

 

Table 1. Formulas of embedding resins in bitumen [1, 2, 3] 

 

Sample 

no. 

Composition Dry 

resin/Bitumen 

embedding rate 

Resin type  

Dry resin 

(g) 

Bitumen 

(g) 

0. - 6000 - - 
In

a
c
ti
v
e

 t
e

s
ts
 

1. 1020 1500 0.680 cationite (w=49%) 

2. 1330 2000 0.665 cationite (w=53%) 

3. 1333 2000 0.667 cationite (w=45.2%) 

4. 1020 (612+408) 1530 0.660 anionite w=56.5% + cationite 

w=45.2% (3:2) 

5. 1000 (500+500) 1500 0.660 anionite  (w=63% + cationite 

w=49%) (1:1) 

6. 1315.3 

(657.3+658) 

2000 0.658 anionite w=49.44% + cationite 

w=53% (1:1) 

7. 1110 1710 0.650 anionite (w=63%) 

8. 1345 2000 0.672 anionite (w=49.44%) 

9. 1333 2000 0.667 anionite (w=51.45%) 
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Sample 

no. 

Composition Dry 

resin/Bitumen 

embedding rate 

Resin type  

Dry resin 

(g) 

Bitumen 

(g) 

10. 2022.4 2000 1.011 anionite (w=49.44%) 

11. 2000 2000 1 anionite (w=51.45%) 

12. 1000 (600+400) 2000 0.500 carbonated anionite wt%=57 + 

cationite wt%=45.83 (3:2) 

13. 1000 (500+500) 1500 0.660 carbonated anionite wt%=63 + 

cationite wt%=49 (1:1) 

14. 1000 (500+500) 1000 1 carbonated anionite wt%=63 + 

cationite wt%=49 (1:1) 

15. 1000 1800 0.550 carbonated anionite (wt%=60) 

16. 1328.7 2000 0.664 carbonated anionite (wt%=50.97) 

17. 1333 2000 0.667 carbonated anionite (wt%=49.81) 

18. 1998.7 2000 0.999 carbonated anionite (wt%=51) 

19. 2000 2000 1 carbonated anionite (wt%=49.81) 

20. 17929 

(8621+9308) 

28000 0.640 carbonated anionite wt%=48.1 + 

cationite wt%=47.65 (1:1) 

A
c
ti
v
e

 t
e
s
ts
 

21. 1333 

(666.5+666.5) 

2000 0.667 mixture (anionite + cationite) 

wt%=50 (1:1) 

22. 1333 

(666.5+666.5) 

2000 0.667 mixture (anionite + cationite) 

wt%=50 (1:1) 

23. 1333 

(666.5+666.5) 

2000 0.667 mixture (anionite + cationite) 

wt%=50 (1:1) 

 

 

Results 
 

Analysis of condensation product 
 

During the bituminization process it results a condensable gas mixture that contains two fractions, 

aqueous and oleos, which were analysed [4]. In Table 2 there are presented dates referring to those two 

fractions generated in condensation process. 

 

Table 2. The characteristics of condensation product 

 

Sam-

ple 

no. 

Aqueous 

fraction 

volume 

(ml) 

Evaporated 

water from 

wet resin 

(%)  

pH 

condens. 

product 

Oil 

fraction 

volume 

(ml) 

Oil volume resulted 

from 1 kg bituminized 

dry resin 

(% v/wt.
a
) 

 

0. - - 8.37
a 

- - 

Inactive 

samples 

2. 650 43.3 1.7
b 

3.2 2.40 

3. 794 72.18 1.88
b 

2 1.50 

6. 965 69.7 1.9
b 

4.6 3.49 

8. 620 47.1 10.3 4.5 3.34 

9. 1310 92.71 9.93 5 3.75 
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Sam-

ple 

no. 

Aqueous 

fraction 

volume 

(ml) 

Evaporated 

water from 

wet resin 

(%)  

pH 

condens. 

product 

Oil 

fraction 

volume 

(ml) 

Oil volume resulted 

from 1 kg bituminized 

dry resin 

(% v/wt.
a
) 

 

10. 1490 75.3 11 10 4.94 

11. 2220 100.00 10.64 25 12.5 

16. 970 70.22 9.6 6.7 5.04 

17. 1210 91.46 9.18 20 15.0 

18. 1460 71.2 9.8 11 5.5 

19. 2000 100.00 9.35 15 7.50 

20. 635 3.86 8.14 3 0.17 Active 

samples 
a
 1000 mL of demineralized water was placed in the condensate vessel for the absorption the 

degradation products of bitumen; 
b
 the pH value within acid range in this experiment, where cationite was used, might be explained by 

the presence of an amount of SO2 absorbed, resulted from the breakage of the functional groups -

SO3H from cationite; 
c
 the pH value within basic range, in the experiments 8-20, is due to the presence of amines and 

especially trimethylamine, which are quite strong bases. 

 

Analyses of aqueous fraction 

 

The qualitative analysis of aqueous fractions was made either by gas chromatograph with a FID detector 

or by a tandem technique, GC/MS system. 

 

The quantitative analysis was carried out by an external standard using a gas chromatograph with a FID 

detector and capillary column with silicones and as internal standard dimethylamine and ethanol were 

used. 

 

The main component of an aqueous phase is the water which represents the free water from slurry resin; it 

also contains small quantities of amines (dimethyl- and trimethylamine) and methanol (Table 3). 

 

Table 3. Chemical composition of the aqueous fraction 

 

Sam-

ple 

no. 

Dimethylamine 

(DMA)  

 

Trimethylamine 

(TMA)  

Methanol Water 

 DMA in 

aq.fr. 

(% 

m/m) 

DMA 

resulted 

from resin
1
 

(% m/m) 

TMA in 

aq.fr. 

(% 

m/m) 

TMA 

resulted 

from resin
1
 

(% m/m) 

Methanol 

in aq.fr. 

(% m/m) 

Methanol 

resulted from 

resin
1
 

(% m/m) 

Water in 

aq.fr. 

(% m/m) 

 

0. UDL UDL UDL UDL UDL UDL  100.000 

3. UDL UDL UDL UDL 0.015 0.00893 99.985 

8. 0.812 0.375 0.452 0.208 UDL UDL 98.736 

9. 0.005 0.00491 2.71 2.663 0.400 0.39310 96.885 

10. UDL UDL 1.20 0.890 4.400 3.26 94.400 

11. 0.014 0.01554 3.64 4.040 0.560 0.62160 95.786 
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16. 6.516 4.757 1.061 0.774 UDL UDL 92.423 

17. 0.020 0.01815 3.63 3.295 0.730 0.66264 95.620 

18. UDL UDL 1.34 0.985 11.927 8.772 86.733 

19. 0.015 0.01500 4.27 4.270 0.920 0.92002 94.795 
1 

it is relating
 
to products resulted from bituminization of 100g of dry resin; % m/m = gcompound/100g 

mixture of compounds; UDL ï under detection limit (100 ppm) 

 

The presence of amines in the condensation product was expected taking into account that anionite have -

N(CH3)3 functional groups. Significantly in these determinations is resulting in determination of amine 

type resulted during the thermal process, which is not specified in the literature. 

 

The presence of amines is because of breaking of C-N links and because of methanol by the reaction 

between -CH3 (resulted by breaking the N-C links) and the free water from wet resin. 

 

Analysis of oil fraction 
 

The oil fraction, besides small amounts of amines, also contains derivative products of resin and volatile 

products of bitumen. The quantitative analysis of amines was performed by an external standard using 

dimethylamine as standard. 

The results are presented in Table 4. 

 

Table 4. Amines content in oil fraction 

 

Sample 

no. 

Dimethylamine 

(DMA)  

Trimethylamine 

(TMA)  

 DMA in oil 

fr.  

(% m/m) 

DMA resulted from 

resin
a
 

(% m/m) 

TMA in  

oil fr.  

(% m/m) 

TMA resulted from 

resin
a
 

(% m/m) 

0. UDL UDL UDL UDL 

2. 0.3 7.2 x 10
-4
 UDL UDL 

3. <0.01 <1.5 x 10
-5
 <0.05 <7.500 x 10

-5
 

8. 0.2 6.7 x 10
-4
 UDL UDL 

9. <0.01 <3.75 x 10
-5
 0.01 3.75 x 10

-5
 

10. UDL UDL 0.35 17.30 x 10
-4
 

11. <0.01 <1.25 x 10
-4
 0.6 7.56 x 10

-3
 

16. 0.01 0.5 x 10
-4
 UDL UDL 

17. 0.05 7.5 x 10
-4
 0.12 1.80 x 10

-3
 

18. UDL UDL 0.15 8.25 x 10
-4
 

19. <0.01 7.5 x 10
-5
 0.12 9.00 x 10

-4
 

a 
it is relating

 
to products resulted from bituminization of 100g of dry resin 

 

The amines amounts from oil fraction are very small comparing with those found in aqueous solutions, a 

possible cause of their presence being their low solubility in some organic compounds, components of the 

oil. 

The determination of the amines have been made by gas chromatography (GC), using a gas 

chromatograph Chromatron GCHF model 18.3 equipped with flame ionization detector (FID). The 

components of the mixture have been separated as the sample passes over the stationary phase. 
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The samples were analysed at ICECHIM -Bucharest according the specific procedures [5]. 

 

Identification of organic compounds from organic samples (oil fractions) was made on a double focusing 

mass spectrometer VG Analytical 70SE coupled to a Packard HP 5890 gas chromatograph Hewlett. Thus, 

every peak was characterized by a mass spectrometer. Identification of the compounds was done by 

comparison of with NBS spectra library. 

 

The quantitative analysis was made by CARLO ERBA model Vega 6000 gas chromatograph coupled 

with flame ionization detector (FID). 

 

The components eluted in chromatograph column were characterised in mass spectrometer (having 

detector role). 

 

Analyses of oil samples identified a hydrocarbons fraction formed by n-paraffines, izo-paraffines and 

aromatic hydrocarbons. The hydrocarbons identified are: toluene, heptane,2-methyl, octane, 

benzene,ethyl; m+p-xilen; benzene, ethenil; 1-propenilbenzene, 1,2-diethylbenzene, nonane, 1- ethyl-2-

methyl benzene; ethyl-4-methyl benzene;1,3,5-trimethyl benzene; ethenyl methyl benzene; 

decane;methyl(1-methyl ethyl) benzene; 1-methyl-4-(methyl ethyl) benzene; 1-methyl-4-(methyl ethenyl) 

benzene; 2-methyl-1-fenil-propen-1-ol; methyl fenil propenol (izomer); undecane; 1-ethyl,2,4 dimethyl 

benzene; naphthalene; dodecane; 2,6-dimethyl undecane; 7-methyl tridecane; 2-methyl naphthalene; 

tridecane; 1-methyl naphthalene; 2,7,10-trimethyl dodecane; tetradecane; 1,6 si 2,7-dimethyl naphthalene; 

2-methyl pentadecan; pentadecan; 1,2-dimetoxiethyl benzene; 1,3-dimetoxiethyl benzene; 1,6,7-trimethyl 

naphthalene; Hexadecane; 7-methyl heptadecane; heptadecane; 2,6,10,14-tetramethyl pentadecane; 

octadecane; 2,6,10,14-tetramethyl hexadecane; nonadecane; eicosane; heneicosane; docosane; tricosane; 

tetracosane; pentacosane; hexacosane; heptacosane; Octacosane; nonacosane; triacontane; hentriacontane; 

dotriacontane; stirene. The concentrations of the hydrocarbons in sample varies from 0.005 to 4% 

(exception the case of sample 10 that it was identified a concentration for tridecan of 50%). 

 

Determination of carbon generated by decomposition of resin and CO3
2-

/HCO3
-
 during the 

bituminization process 
 

According the experiments performed, at the bituminization process temperature, a part of carbon, under 

the form of CO2, is released, because of the degradation of anionite and the decomposition of CO3
2-

/HCO3
-
. 

The amount of released carbon [1, 3] was determined by analysis of NaOH scrub solution. 

 

Analysis of condensation product 
 

For the active tests, the analysis of the condensate was carried out in order to determine the amount of 
14

C, under the form of carbon dioxide, which could be absorbed in the aqueous fraction. 

It was determined the activity of 
14

C absorbed is 3.633104 Bq 14C. 

 

The analysis of condensation was performed by  measurements using a TRICARB 2100 liquid 

scintillation analyzer. 
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Analysis of NaOH scrub solution 
 

The carbon dioxide absorption in the NaOH solution takes place with producing of Na2CO3, so that the 

resulted solution contains a mixture of Na2CO3 and NaOH not consumed. For the inactive experiments, 

the results related to its chemical composition are presents in Table no. 5. For the experiment no. 20 

(active), the chemical composition of the scrub solutions was analysed just in view of determination of 

the C-14 amount (released from decomposition of 
14

CO3
2-
/H

14
CO3

-
) and it was made by liquid scintillation 

installation. 

 

Table 5. Chemical composition of the NaOH scrub solution for inactive experiments 

 
Sam-

ple. 

no. 

NaOH solution from scruber C total 

released in 

process 

(g) 

Sample. 

no. 

NaOH solution from scruber C total 

released in 

process 

(g) 

initial final initial final 

Vsol. 

(ml) 

Mola-

rity 

(moli/l) 

NaOH in 

sol. 

(moli/l) 

Na2CO3 

in sol. 

(moli/l) 

Vsol. 

(ml) 

Mola-

rity 

(moli/l) 

NaOH in 

sol. 

(moli/l) 

Na2CO3 

in sol. 

(moli/l) 

1. 1590 2.870 2.870 0.000 0.0000 11. 800 2.950 2.800 0.075 0.7210 

2. 800 3.215 3.215 0.000 0.0000 12. 1540 2.810 2.790 0.010 0.1850 

3. 800 2.950 2.950 0.000 0.0000 13. 1550 2.830 2.810 0.010 0.1860 

4. 1570 2.920 2.900 0.010 0.1880 14. 1530 2.790 2.760 0.015 0.2750 

5. 1580 2.910 2.900 0.005 0.0948 15. 1560 2.900 2.830 0.035 0.6550 

6. 800 2.967 2.863 0.052 0.4973 16. 800 3.188 2.993 0.097 0.9360 

7. 1600 2.900 2.870 0.015 0.2880 17. 800 2.950 2.550 0.200 1.9220 

8. 800 2.962 2.742 0.110 1.0569 18. 800 3.038 2.537 0.250 2.4038 

9. 800 2.950 2.700 0.125 1.2010 19. 800 2.950 2.425 0.262 2.5460 

10. 800 2.994 2.898 0.048 0.4602       

 

For inactive samples the determination of the mixture carbonate and sodium hydroxide was done either 

by titration of the samples (diluted 1/100 (v/v)) with 0.1N HCl in the presence of phenolphthalein and 

methylorange (Warder method) or by potentiometric titration of the samples (diluted 1/200 or 1/100) with 

0.1N HCl solution using a titration installation coupled to an automatic burette. 

The total amount of carbon generated during thermal bituminization process was calculated by 

considering the amount of Na2CO3 formed by absorbing CO2 in NaOH. 

 

The analysis of NaOH solution was done by  measurements using a TRICARB liquid scintillation 

analyzer 2100 and it was determined that an amount of 3320 Bq is found in NaOH solution. 

 

Table 6. 
14

C released in bituminization process 

 

Sa

mp

le 

no. 

C introduced by 

carbonating the 

anionite (g 

respectively Bq) 

C released during process 

(g respectively Bq) 

C lost from carbonating 

the anionite 

(g respectively Bq) 

% 

released 
14

C 

 

total from 100g 

anionite/carbonat

ed anionite 
b 

from 100g 

carbonated 

anionite 
a 

Total
c 

 

1. - 0 - - - - 

Inactive 

samples 

2. - 0 - - - - 

3. - 0 - - - - 

4. - 0.1880 0.0307 - - - 

5. - 0.0948 0.0189 - - - 

6. - 0.4973 0.0757 - - - 
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Sa

mp

le 

no. 

C introduced by 

carbonating the 

anionite (g 

respectively Bq) 

C released during process 

(g respectively Bq) 

C lost from carbonating 

the anionite 

(g respectively Bq) 

% 

released 
14

C 

 

total from 100g 

anionite/carbonat

ed anionite 
b 

from 100g 

carbonated 

anionite 
a 

Total
c 

 

7. - 0.2880 0.0259 - - - 

8. - 1.0569 0.0786 - - - 

9. - 1.2010 0.0901 - - - 

10. - 0.4602 0.0227 - - - 

11. - 0.7206 0.0360 - - - 

12.  3.200 0.185 0.0308 0.0001 0.0006 0.0187 

13.  2.764 0.186 0.0372 0.0183 0.0915 3.3098 

14.  3.014 0.275 0.0550 0.0361 0.1805 5.9877 

15.  6.029 0.655 0.0655 0.0007 0.0070 0.1161 

16. 13.194 0.936 0.0704 0.0056 0.0744 0.5639 

17. 15.340 1.922 0.1440 0.0792 1.0557 6.8820 

18. 17.363 2.404 0.1202 0.0909 1.8168 10.4636 

19. 23.020 2.546 0.1273 0.0980 1.9600 8.5143 

20. 9.127 10
7 

3.965 10
4
 4.598 10

2
 4.598 10

2
 3.965 10

4
 0.0398 

Active 

sample 

 

Conclusions 
 

From thermal behaviour of spent resin (and bitumen) point of view, according the experiments performed 

at laboratory and pilot level, and according the results obtained the following are concluded: 

 

ü At the bituminization temperature (around 120
0
C) it takes place a partial decomposing of anionic 

resins and release of some degradation products of bitumen: dimethyl- and trimethylamine, methanol -  

resulted by the destruction of functional groups, as well as a hydrocarbons fraction formed by n-

paraffins (C6 - C32), isoparaffins and aromatic hydrocarbons; 

 

ü a part of 
14

C, under the form of CO2, of about 0.0189 - 0.09 g C/100g anionite, is released from the 

anionite structure  (CO3
2-
 functional groups and hydrocarbon skeleton). Also, a part of carbon is 

released, under the form of CO2 as well, resulted from carbonation of the anionite and such as, mean 
14

C. The loss was 0.0187-10.46% for inactive experiments and 0.04% for the active experiments; 

 

ü NaOH 3M solution, used as absorbent, is very effective, the efficiency of retention of carbon being 

maximum. 
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ABSTRACT  

 

 
In the designing process for a radioactive final repository concept, the temperature evolution 

over time is a significant issue for the stability and long-term safety of entire emplacement. In 

particular, the maximum value of temperature in the whole structure, during time, must not 

exceed a certain safety value which depends, beside other criteria, on the bulk material of the 

repository. 

A computer code TEMPROC, based on analytical model for the transient thermal heat 

conduction, described in this paper, was developed inside ñFuel Performanceò Department 

from ICN Pitesti, in order to evaluate the waste repository's temperature distribution. The 

program was developed under ñMicrosoft FORTRAN Power Stationò platform that provides 

IMSL subroutines library support for numeric algorithm. So the program is relative small, with 

a good calculus speed. 

The numerical results obtained with TEMPROC computer code, have been acceptably 

compared with similar existing data from scientific literature [1]. 

 

Key words: waste repository, temperature, analytical model 

 

 

Introduction  
 

The nuclear waste management has been always one of the biggest issues for whole nuclear community, 

and one of motives is the huge period of time that this management involves. All the calculus performed 

in this area is therefore conservative, and must be carried out over periods of thousands of years, at least. 

 

One of greatest significance parameter which must be evaluated is, of course, the temperature. A simple 

motive is that every other parameter depends on it. The presence of radioactive waste means the existence 

of a corresponding transient heat source, so a subsequent temperature increase is expected in the whole 

emplacement. Every conservative assumed model must therefore take into account a thermal influence 

from a larger number of such heat sources. 

 

The aim of present paper is to present a thermal analysis performed with a computer code, TEMPROC 

[2], developed on an analytical model for transient heat conduction [3], [1], over a period of 10
6
 years. 

The code was developed inside ñFuel Performanceò Department from ICN Pitesti [4], and it was 
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developed under ñMicrosoft FORTRAN Power Stationò platform that provides IMSL subroutines library 

support for numeric algorithm (Gauss-Kronrod method for the integral [4], [5]), ensuring a relative small 

size for the code and a good calculus speed. 

 

TEMPROC code description 
 

The heat sources used in the TEMPROC code are cylindrical, rectangular parallelepiped, and line sources, 

represented, respectively, in Figure 1a), b), c) - [4], [5]. They represent either discrete or uniformly 

distributed heat sources and can be used singularly or in combination. The heat generation is uniformly 

distributed throughout the heat source geometry. It is important to note that the thermal properties are 

assumed to be constant throughout both the rock mass and the disposal container. This implies that the 

heat transfer differential equation is linear, hence superpositioning of solutions may be used to calculate 

the temperature at a point in the neighborhood of more than one disposal container. Since a nuclear fuel 

waste repository is expected to hold many thousands of disposal containers, the principle of superposition 

provides a cumbersome method of calculating the repository temperatures. For this reason at some 

distance (e.g. >10m) away from the point at which the temperature is calculated, the thermal contribution 

from cylindrical heat sources are suitably represented by line heat sources. Farther away from the point at 

which the temperature is calculated, groups of individual heat sources are replaced with large rectangular 

parallelepiped sources containing the equivalent mass of uranium as the individual sources distributed 

over the same area. The disposal of the heat sources, in the analytical model used in TEMPROC, is 

represented in Figure 1). 

 

 
a)    b)     c) 

 
d) 

Fig 1. 3D representation for heat sources shapes: a) cylindrical, b) linear and c) parallelepiped and their schematic 

disposal ï d) ï in the analytical model for the repository assuming that the point of temperature evaluation is the 

centre of repository and there are 3 rows of canisters in each room of repository 
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In a first step, the code evaluates the temperature assuming that the whole repository is made entirely 

from a single bulk material (the rock). After this, in order to take account the canister material and the 

filling material in the buffer between canister and the surrounding rock, correction of the first calculated 

temperature are made, depending on the position of evaluated temperature ï in canister or in buffer. The 

temperature is evaluated at each time with an integral, using a Gauss-Kronrod method based subroutine 

existing in IMSL Library of the FORTRAN POWER STATION 4.0 platform, from the initial time to the 

evaluation time, so the temperatures are independent from the previous obtained values ï in contrast with 

the algorithm used in [3] and [1], which used old determined values of the temperature to evaluate the 

new ones. 

 

Comparison with reference case 
 

In all the evaluations presented in this paper, it has been used the repository concept used in [1]: 58 rooms 

in repository, with 30 m distance between each other, with the canisters containing the nuclear waste in 

vertical position, disposed in an array-like pattern in each room - 3 rows and 798 columns with an equal 

space of 2.5 meters between rows and columns. The rock considered for the repository emplacement was 

granite, with the thermal conductivity assumed to be 3 W/(mĀK). The thermal conductivities of the 

canister and that of buffer filling material are, respectively, 0.95 W/(mĀK) and 1.5 W/(mĀK). 

 

In Figure 2, the ICN (Institute for Nuclear Research)  results are compared with the AECL results [1], for 

the center of the repository a) and in half section, because of symmetry reasons, in the middle of the 

central room where are expected the greatest temperatures. Distance has been measured from the center, 

and the evaluation has been carried out until the half-distance between rooms have been reached. The 

buffer temperature have been considered in the vicinity of the canister, and the rock temperature near the 

buffer, for the canister located in the middle of the repository, by assuming that the highest temperatures 

are located in this point. It can be observed a good agreement in the obtained data. The cooling time for 

canisters in the NPP pool has been considered, in all the paper results, 10 years. 
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a)      b) 

Fig 2. Comparison between INR and AECL results [1] for a) temperature vs. time representation and b) 

temperature vs. distance from middle of the central room of the repository 
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Sensitivity studies 
 

The sensitivity studies have been performed to test the response of the results obtained with the computer 

code at input parameter variations. In this paper the only tested parameter has been the number of the 

rows of canisters in the array pattern used in the each room of the repository. 

 

In Figure 3 a), as a reference representation, were depicted the canister heat variation compared with the 

canister center temperature (the hottest one), the subsequent buffer temperature (nearest to canister) and 

the rock temperature, in the closest vicinity of the buffer, all this temperature presumed to be the highest 

in the whole emplacement. The maximum temperature values and corresponding time values have been 

highlighted. After the maximum the temperatures decrease, but all three have thereafter a constant and 

even a small increase tendency. The corresponding time is that for a lower slope of heat flux variation, 

and it is of hundreds of years order. 

 

In Figure 3 b) is represented the distribution of the temperature in transversal direction of the central room 

of the repository for the same input parameters ï which are identical with the reference case depicted in 

Figure 2. The distribution is represented for 1, 10, 10
3
, 2x10

4
 years and also for the corresponding time 

for the maximum of canister temperature. The distances are measured from the center room, and the 

maximum value is half distance between rooms. In case of odd number of canister rows in array pattern 

of the room disposal, the roomôs middle correspond to canister center, so the temperature curve starts at 

0m with a maximum. The second relative maximum, corresponding to the next canister is slightly lower. 

For a very long time period, the difference from canister temperature and rock temperature decrease ï see 

1000 yr corresponding curve. 

 

 

90.7862

84.1928

79.7093

0

10

20

30

40

50

60

70

80

90

100

0

50

100

150

200

250

300

350

0.001 0.1 10 1000 100000

T
e

m
p

e
ra

tu
re

 (°C
)

H
e

a
t 
fl
u

x
 (

W
 /
 c

a
n

is
te

r)

Time (yr)

Heat flux

Canister

temperature

Max canister

temperature ( 29yr )

Buffer temperature

Max buffer

temperature ( 35yr )

Rock temperature

Max rock

temperature (39 yr)

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15

T
e

m
p

e
ra

tu
re

 (
°C

)

Distance (m)

1 yr

 10 yr

 Maximum temperature

year (29 yr)
 1000 yr

20000 yr

 
a)        b) 

 

Fig 3. Temperature in the middle of the central room of repository in case of 3 rows of canisters per room: 

a) Time evolution of the canister, buffer and rock temperature compared with heat flux for a single canister 

b) Temperature distribution in the transversal direction on the horizontal plane in the middle of the central room 

(distances are measured from the middle of the room). 
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In Figure 4, a 3D representation of temperature dependence on the distance from middle of the center 

room, in half distance between range, and on evaluation time has been made. All 3D data representations 

have been carried out with MATPLOTLIB python module [6]. In Figure 4 a) is depicted a colored 3D 

surface map, and in Figure 4 b) is represented the same surface, in wireframe style this time, 

superimposed on the corresponding 2D contours map represented in xy plane. It can be easily remarked 

the peak values for temperature corresponding to the canisters (1/2 canister in center and 1 full canister 

with the complete red colored maximum) and also the time duration for higher temperature values for the 

whole repository, in 3D colored surface representation  as well as in the corresponding 2D contour map. 

 
a)       b) 

Fig 4. 3D representation for the evolution of temperatureôs distribution in the transversal direction for the middle of 

the central room of the repository, in case of 3 rows of canisters per room, with distances measured from the roomôs 

centre: a) 3D coloured map surface and b) 3D surface in wireframe style superimposed on corresponding contours 

map represented in xy plane 

 

In the same manner as above mentioned, the same representations for the case of 4 rows of canisters per 

room (Figure 5 and Figure 6) and 5 rows (Figure 7 and Figure 8) of canisters per room have been 

depicted. In the case of 4 rows of canisters ï even number ï the middle of the room corresponds to half 

distance between rows, so a relative minimum is found at 0 m in the distribution representation (Figure 5 

b). It can be observed, in the same representation and also in Figure 6, the 2 full cached maximum 

corresponding at the same number rows of canisters existing in a transversal half room. The temperatures 

are higher and latter reached. 
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a)       b) 

 

Fig 5. Temperature in the middle of centre room of repository in case of 4 rows of canisters per room: 

a) Time evolution of the canister, buffer and rock temperature compared with heat flux for a single canister 

b) Temperature distribution in the transversal direction on the horizontal plane in the middle of the central room 

(distances are measured from the middle of the room). 

 
a)       b) 

Fig 6. 3D representation for the evolution of temperatureôs distribution in the transversal direction for the middle of 

the central room of the repository, in case of 4 rows of canisters per room, with distances measured from the roomôs 

centre: a) 3D coloured map surface and b) 3D surface in wireframe style superimposed on corresponding contours 

map represented in xy plane 
 

The case of 5 rows of canisters is similar with the case of 3 rows (odd number) so there are greater and 

latter maximums of temperature (Figure 7 a)) and two and one half maximums in a half symmetry 

representation (Figure 7 b) and Figure 8 a) and b)). 
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a)       b) 

 

Fig 7. Temperature in the middle of centre room of repository in case of 5 rows of canisters per room: 

a) Time evolution of the canister, buffer and rock temperature compared with heat flux for a single canister 

b) Temperature distribution in the transversal direction on the horizontal plane in the middle of the central room 

(distances are measured from the middle of the room). 
 

 
a)       b) 

Fig 8. 3D representation for the evolution of temperatureôs distribution in the transversal direction for the middle of 

the central room of the repository, in case of 5 rows of canisters per room, with distances measured from the roomôs 

centre: a) 3D coloured map surface and b) 3D surface in wireframe style superimposed on corresponding contours 

map represented in xy plane 
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Conclusions 
 

1. A description of an analytical model for long term evaluation of the final nuclear waste 

repositoryôs temperature distribution has been made. 

2. Based on this model, a computer code, TEMPROC, developed in the ñFuel Performanceò 
Department from ICN Pitesti, have been summary presented 

3. A reference case, for a final repository concept has been evaluated, with good agreement, using 

the TEMPROC code. 

4. A sensitivity study, for the numbers of rows of canisters per room, have been carried out, with a 

significant qualitative results, depicted in 2D and 3D representations. 
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ABSTRACT  

 

 
This paper presents the results of an experimental study aiming to assess the influence of the 

cement degradation on Cs-137 sorption. Sorption experiments have been carried out on fresh 

mortar and also on two types of degraded mortars resulted from a sulphate attack test and from 

a carbonation test. CEM II ordinary Portland cement that is commonly used in the waste 

immobilization process and quartz sand were used to prepare the fresh mortar paste with a 

water/cement ratio of 1/3. 

The sorption isotherms obtained from the batch sorption experiments were linear both for fresh 

mortar and degraded ones with increased cesium distribution coefficient on degraded samples 

compared with the fresh one. On fresh mortar cesium ions are mainly sorbed on the quartz sand 

and to a less extend on the hardened cement paste (HCP). The competition between Cs
+ 

and 

Na
+
/K

+
 strongly reduce cesium uptake by fresh HCP. But this effect is decreased in the mortar 

samples obtained from the sulphate attack test due to the rapid alkali release and consequently 

the Kd for this degraded sample is higher than for the fresh one. For the mortar sample exposed 

in air for carbonation the higher value for the cesium Kd could be explained either by a 

precipitation process or by the physical and chemical changes in the mortar sample due to the 

carbonation process.  

 

Key words: cement degradation, Cs-137 sorption, sulphate attack, carbonation, sorption 

isotherms, distribution coefficient 

 

 

Introduction  

 
The safety assurance associated with near surface disposal facilities for radioactive waste is achieved 

through multi-barrier engineered structures [1].  

 

Many types of materials are used in engineered barrier applications, but the engineered barriers based on 

cement materials represent an important component of the disposal facility safety due to their ability to 

act as mechanical barrier and retardation of radionuclide migration by sorption process. 

 

It is well known that the cement based materials long-term exposed to typical chemical underground 

conditions will be subject to degradation. As a result, the solubility and sorption of radionuclides will 

change too. 
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Sorption is a generic term, which covers the processes of absorption, physical adsorption and chemical 

adsorption. Sorption mechanisms depend on the chemical form of the sorbate, and the chemical and 

physical properties of the sorbent [2]. 

 

The chemical complexity of sorptionïdesorption processes is usually reduced to integrated parameter 

distribution coefficients (Kd) [3]. Reliable Kd values are especially critical for elements such as Cs, 

which exhibits no solubility limitation and only weak retention by fresh HCP. For many elements, 

including Cs, the provision of Kd as a function of repository evolution is hampered by the lack of 

systematic sorption data, in particular for degraded HCP [4].  

 

Kd is defined as follows: 

 

 

                                              (1) 

 

 

 

where Seq is the equilibrium concentration of sorbed Cs
+ 

(mol kg
-1
), Ceq and Cbl are the equilibrium 

concentration of Cs
+
 in test and blank solutions (mol m

-3
), respectively, V is the volume of liquid phase 

(m
3
), and m is the mass of solid phase (kg) [7]. 

 

Although concrete degradation usually occurs as the result of a combination of physical, mechanical, and 

chemical processes [5], the purpose of this paper is to present the influence of chemical degradation, 

generated by carbonation and sulphate attack on Cs-137 sorption.  

 

Experimental methodology 
 

In order to investigate the uptake of cesium on mortar, sorption experiments were carried out on fresh and 

degraded mortar samples. Two types of degraded mortars were obtained from a carbonation test and from 

a sulphate attack test. All mortar samples were prepared from CEM II ordinary Portland cement, 

commonly used in the waste immobilization process, and quartz sand, with water/cement ratio of 1/3.  

 

The carbonated mortar sample were obtained by exposure fresh mortar samples to air for one year, while 

those exposed to sulphate attack were obtained by successive immersed in a solution of sodium sulphate 

and dried at 1053 C. Immersion was performed in a Na2SO4 solution for 40 days. The effects of the two 

types of degradation mechanisms on the mortar structure and composition were highlighted by Scanning 

Electron Microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis. 

 

The laboratory batch method was used to measure the Kd values for cesium uptake on the three types of 

mortars in order to get experimental data regarding the effect of cement degradation on cesium sorption 

on cementitious materials.  

 

To be used in the sorption tests, the mortar samples were crushed and sieved (under normal atmospheric 

conditions) to eliminate the fraction with particle size higher than 2 mm. Sorption tests were carried out in 

PP centrifuge tubes, at solid to liquid ratio of 1:10 and equilibration time of 24 hours. During the 

equilibration period, the test tubes were placed on an orbital shaker at 70 rpm, at room temperature 

(21 3 C), under normal atmospheric conditions. After the equilibration the test tubes were centrifuged at 
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3800 rpm until the two phases were separated (roughly 30 min). After separation, aliquots of the solution 

in each test tube were sampled and measured by gamma spectrometry for cesium concentration 

determination. All sorption tests were run in duplicate and two control samples with only tracer solution 

were run in the same conditions to check the potential sorption of cesium on the test tubes. 

 

 Results and discussion 
 

To evaluate Cesium sorption characteristics on the investigated mortar samples, the contaminant 

concentrations in solution, at equilibrium, were plotted versus the amount of contaminant sorbed on the 

solid phase, and sorption isotherms were obtained for the concentration range of interest. To obtain these 

isotherms, and to evaluate the distribution coefficients (Kd), cesium concentration varied while other 

parameters were held as constant as possible. The linear isotherms obtained for Cesium sorption on the 

three types of mortar are presented in Figures 1 to 3. For linear sorption, the distribution coefficient is 

represented by the slope of the sorption isotherm. 
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Fig. 1. Cs-137 sorption isotherm on fresh mortar 
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Fig. 2. Cs-137 sorption isotherm on mortar subjected to Na2 SO4 
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Fig. 3. Cs-137 sorption isotherm on mortar subjected to CO2 

 

 
As it can be seen from the plots presented in Figure 1 to 3, the sorption isotherms were linear both for 

fresh mortar and degraded ones (correlation coefficient close to 1) with increased Cesium distribution 

coefficient on degraded samples compared to the fresh one.  

 

Kd value obtained for fresh mortar (the slope of the linear isotherm presented in Figure 1) shows a weak 

sorption of Cesium, which is in agreement with previous studies which showed that the sorption of non-

hydrolysed cation Cs
+  

is minor in most concrete systems [8, 9]. This would be expected, since cation 

exchange is the dominating mechanism for monovalent cations in most systems and in the case of 

cementitious materials the pore fluid composition is dominated by Na
+
, K

+
, OH

-
 and the C/S ratio 

(CaO/SiO2) is high for fresh mortar. This would not favour the uptake of trace amounts of Cs
+ 

in pore 

water system of high salinity and on a sorbent (cement) of low exchange capacity. On fresh mortar 

Cesium ions are mainly sorbed on the quartz sand and to a less extent on the hardened cement paste 

(HCP). 

 

Figure 2 shows that the Kd for the mortar immersed in a sulphate solution is slightly higher than those 

obtained for the fresh mortar. We presume that this happened due to the cesium sorption on ettringite 

formed by the reaction of Na2SO4 with tricalcium aluminate (C3A). Ettringite surface exhibits a net 

negative charge [9], so the incorporation of anions, such a Cs
+
, may be possible. 

 

When the mortar is in contact for a long time with a CO2 a new phase is formed, calcite, which may also 

sorb radionuclides, but literature reviews showed that Cs is not sorbed onto calcite [9]. Following the 

EDS analysis it was observed that the Na
+
 and K

+
 content in the carbonated sample decreased 

considerably and consequently the competition of these cations on the sorption sites of the sand 

decreased; this could explain the high value of Kd on the carbonated mortar samples. Furthermore, the 

higher values for the Cesium Kd (Figure 3) could be also explained by precipitation or by the physical 

and chemical changes in the mortar sample due to the carbonation process. 

The SEM/EDS analysis on the carbonated mortar sample indicate that the C/S ratio decreased compared 

to the fresh mortar sample. As the C/S ratio decreases (as a result of cement degradation) the surface 

charge becomes less positive, passing through the point of zero charge at C/S of about 1.2 and turns to 

negative at lower C/S ratio. Thus, in terms of electrostatic sorption, CSH with a low C/S ratio is a better 

sorbent for cationic species such a Cs
+
. This could be another factor that contributed to the higher Kd 

value obtained for the degraded mortar sample.  
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Conclusion  

 
This experimental study clearly shows that the cesium sorption is enhanced with the cement degradation 

(either due to a sulphate attack or due to the carbonation) and that the cesium increases with the decrease 

of C/S ratio. 

 

In a fresh mortar the competition between Cs
+ 

and other alkali cations (Na
+
 and K

+
) strongly reduces the 

Cesium uptake by fresh HCP. But this effect is decreased in the mortar samples resulted from the sulphate 

attack test due to the rapid alkali release and consequently the Kd for this degraded sample is higher than 

for the fresh one. 
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ABSTRACT  

 

 
The purpose of this paper is to elaborate a procedure to measure the gamma emitters from 

spent ion exchange resins resulted from the purification systems at Cernavoda NPP and also to 

calculate the recovery yield. Since Cesium-137 and Cobalt-60 are the main gamma emitters 

found in the spent ion exchange resins generated by a nuclear reactor these radionuclides were 

used to label a sample of the mixed bed resin IRN 150 (1:1 eq cation: anion exchange resins). 

The samples of spent ion exchange resin were mineralised by microwave acid digestion 

method and the resulted liquid samples were measured by gamma ray spectrometry. The values 

obtained for the recovery yield were influenced by the digestion process of the ion exchange 

resin. 

 

Key words: ion exchange spent resins, microwave digestion, gamma ray spectrometry 

 

 

Introduction  

 
Spent ion exchangers are considered to be problematic wastes that in many cases require special 

approaches and precautions to meet the acceptance criteria for disposal. 

 

The purpose of this paper is to elaborate a procedure to measure the gamma emitters from spent ion 

exchange resins resulted from the purification systems of the Cernavoda NPP. 

 

In order to simulate the same conditions as in the purification systems of Cernavoda NPP, 

chromatographic columns were used to get resins controlled labelled with gamma emitters. Since Cesium-

137 and Cobalt-60 are the main gamma emitters found in the spent ion exchange resins generated by a 

nuclear reactor these radionuclides were used to label a sample of the mixed bed resin IRN 150 (1:1 eq 

cationit ïanionit).  

 

The mineralization of the radioactive resin samples was performed by microwave acid digestion method 

and the resulted liquid samples were measured by gamma spectrometry using a system comprised of the 

following components: HPGe ORTEC detector, digiDart analyser and GammaVision software.  

 

The gamma ray spectrometer was calibrated with known calibration source with the same physical and 

chemical characteristics as the sample to be measured. 
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Instrumentation and method 

1. Sample preparation 
 

To simulate the spent ion exchange resin resulted from the purification systems of Cernavoda NPP, IRN 

150 resin (mixed bed 1:1 cationit ïanionit) was loaded with known radionuclide activity in a 

chromatographic column, at pH ranging between 10,2 and 10,4 at room temperature. 100 ml of 

radioactive solution with known activity (Co-60 and Cs-137) and controlled pH (by NaOH addition) were 

passed through the chromatographic column. After resin loading subsamples were taken acid digestion 

mineralization.  

 

To have a good statistics of the results, two experiments were performed using the same initial solution 

for the resin loading. 

 

The experimental tests were carried out in the same conditions and with the same procedure for all the 

experimental steps.  

 

For each experiment three types of solutions were analysed: the initial solutions, the effluents collected 

from the columns and the solutions resulted by resins digestion. All de samples were measured by gamma 

spectrometry to identify and to quantity the gamma emitters present in the samples and also to evaluate 

the quantity of gamma emitters retained on the resin.  

 

2. Microwave digestion method 

 
The chemical decomposition process (transition into a liquid-aqueous phase) of the simulated resin 

charged with radioactive elements was performed by microwave digestion, in a microwave digestion 

system SpeedWave4 type, produced by Berghof. Digestion is understood to mean the decomposition of a 

solid material by means of a suitable digestion reagent at increased temperature in a vessel that is 

permeable with regard to microwaves. The digestion solutions are directly heated through the absorption 

of the microwave radiation by the polar digestion reagent, which generally also contains ionic 

components [1]. 

 

In order to decompose the simulated spent ion exchange resins, a mixture of HNO3 and H2O2 was used in 

TFMÊ pressure resistant (100 bars) vessels. To obtain a good digestion of the spent resin, without solid 

particles, the mineralization process was performed in two steps: first 8 ml of HNO3 concentrate and 2 ml 

of H2O2 were added in the pressure vessels. The vessels were introduced in the microwave oven for 20 

minutes at 200C and 40 more minutes at 230
0
C (see Figure 1 for operating parameters). Since the 

mineralization was not completed, a second step was carried out using 4 ml of HNO3 concentrate and 1 

ml of H2O2 and the pressure vessels were again introduced in the microwave oven following the same 

operating parameters as in the previous ones. This mineralization procedure was chosen based on 

preliminary tests using inactive resin samples.  
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Fig.1. Values of the operating parameters of the SpeedWave4 system   

 

 

The pressure and temperature variation in the digestion vessels recorded during the two steps of the 

mineralization process are presented in Figure 2.   

 

 
 

Fig. 2. The variation of temperature and pressure during the mineralization process 

(left ï for the first step and right for the second one) 

 

 

Total dissolution of the radioactive resin samples was obtained and the resulted solutions were diluted to 

get the right volume for their measurement by gamma spectrometry. 

 

3. Gamma ray spectrometry method 

 
To obtain good and reliable results, the first step in gamma spectrometry analysis is the energy and 

efficiency calibration. It is important that these calibrations to be correctly performed since the calibration 

results will affect all the subsequent analyses. 

 

The energy calibration data is used to define the energy of the peaks in the spectrum. If improper 

assigned, the calculated energies will not correspond to the correct library entry and the peak might be 

incorrectly identified [2]. 
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The efficiency calibration implies the calculation of the detection efficiency of the HPGe detector system 

as a function of energy and it is the relation between the numbers of gamma rays emitted from the sample 

and the number of gamma rays collected in the full-energy peak [3]. 

 

The calibration source used was a standard liquid source with known gamma ray emitting radionuclides 

(Co-60, Cs-137, Am-241, Ba-133), over the energy range of interest. The energetic range of the 

spectrometric system used for the analysis is between 20 keV and 1870 keV.  

 

The liquid samples resulted from the resin digestion were measured by gamma spectrometry in the same 

conditions as the system calibration was performed. 

 

The samples to be measured were placed at the contact with the detector and the voltage was applied to 

the detector, obtaining an energetic spectrum that characterise the radioactive sample.   

 

Results and Discussions  

 
The energetic spectrum acquired for each sample was analysed using the GammaVision-32 software to 

quantify the gamma emitters present in the samples with the associated statistics. The Gamma Vision 

program analyse the energetic spectrum file and produce a list of the background, net area, counting 

uncertainty, full width at half maximum (FWHM), and net count rate for all peaks in the spectrum.  

 

The result of this analysis is a report containing all the descriptions stored with the spectrum file, the 

analysis parameters, user inputs, and the list of peaks and nuclides found in the spectrum.  

 

In Table 1 the results obtained in the first experiment are presented. Based on these results the recovery 

yields and relative errors were calculated and these data are also reported in Table 1.  

 
Table 1. The results obtained for the first experiment 

 

Radionuclide 

Sample Activity ± Counting Uncertainty 

(Bq/Sample) 
Retained 

Theoretical Activity 

(Bq/sample) 

Recovery 

yield 

(%) 

Relative 

errors 

(%) Initial Effluent Mineralization 

60
Co 100±0,4 14,3±0,03 69±0,06 85,7 80,51 19,48 

137
Cs 29,9±0,4 1,1±0,08 28,7±0,2 28,8 99,6 0,3 

 

Good recovery yield and relative error were obtained for Cs-137, but for Co-60 the recovery yield is quite 

low and the associated error is high.   

 

In order to verify the reparability of the method the experiment was repeated with the same initial solution 

and the same experimental steps. The results obtained in this second experiment are reported in Table 2.  

 

 

 

 

 

 

 



 
NUCLEAR ð 2016  

 
 ̓ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

 

 
 

ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

55 

ʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼʼ 

 

 

Table 2. The results obtained for the second experiment 

 

 

Radionuclide 

Sample Activity ± Counting Uncertainty 

(Bq/Sample) 
Retained Theoretical 

Activity 

(Bq/sample) 

Recovery 

field 

 (%) 

Relative 

errors 

 (%) Initial Effluent Mineralization 

60
Co 100±0,4 19,4±0,03 67±0,056 80,6  83,1 16,87 

137
Cs 29,9±0,4 1,4±0,6 28±0,2 28,5 98,24 1,75 

 

 

 

Similar results were also obtained in this second experiment, with slightly higher recovery for Co-60 

compared with the previous one. The recovery yields obtained in the two experimental tests are presented 

in the Figure 3. 

 

 
 

Fig.3. The comparison of recoveries yield obtained for Cs-137 and Co-60 

 

 

Conclusions 
 

Even if for Cs-137 and Co-60 measurement in spent ion exchange resins direct gamma spectrometry 

could be applicable, mineralisation of the ion exchange samples are required to measure the beta emitters 

such as C-14, Sr-90, I-129 or Tc-99 and consequently also the gamma emitters are measured with higher 

accuracy in the liquid form. 

 

The method tested and presented in this paper seems to be reproducible but more experimental data has to 

be obtained to have a representative recovery yields for the radionuclides of interest. After the tests are 

completed, the resulted values for recovery yields will be used in the measurement of gamma emitters in 

real spent ion exchange samples.  

 

Digestion process seems to influence the recovery yield obtained for Co-60 and therefore additional 

experiments have to be carried out trying to improve this step of the proposed method. 

 

 

 

 


























































